Study Objective: Increased visceral white adipose tissue (vWAT) mass results in infiltration of inflammatory macrophages that drive inflammation and insulin resistance. Patients with obstructive sleep apnea (OSA) suffer from increased prevalence of obesity, insulin resistance, and metabolic syndrome. Murine models of intermittent hypoxia (IH) mimicking moderate-severe OSA manifest insulin resistance following short-term IH. We examined in mice the effect of long-term IH on the inflammatory cellular changes within vWAT and the potential effect of normoxic recovery (IH-R). Methods: Male C57BL/6J mice were subjected to IH for 20 weeks, and a subset was allowed to recover in room air (RA) for 6 or 12 weeks (IH-R). Stromal vascular fraction was isolated from epididymal vWAT and mesenteric vWAT depots, and single-cell suspensions were prepared for flow cytometry analyses, reactive oxygen species (ROS), and metabolic assays. Results: IH reduced body weight and vWAT mass and IH-R resulted in catch-up weight and vWAT mass. IH-exposed vWAT exhibited increased macrophage counts (ATMs) that were only partially improved in IH-R. IH also caused a proinflammatory shift in ATMs (increased Ly6c (hi) (+) and CD36(+) ATMs). These changes were accompanied by increased vWAT insulin resistance with only partial improvements in IH-R. In addition, ATMs exhibited increased ROS production, altered metabolism, and changes in electron transport chain, which were only partially improved in IH-R. Conclusion: Prolonged exposures to IH during the sleep period induce pronounced vWAT inflammation and insulin resistance despite concomitant vWAT mass reductions. These changes are only partially reversible after 3 months of normoxic recovery. Thus, long-lasting OSA may preclude complete reversibility of metabolic changes.
INTRODUCTION
Obstructive sleep apnea (OSA) is a highly prevalent condition affecting a large proportion of the adult population. [1] [2] [3] [4] In addition to cardiovascular and neurocognitive morbidities, OSA has been increasingly implicated as an independent risk factor for metabolic dysfunction, manifesting as dyslipidemia and insulin resistance. [5] [6] [7] [8] However, the mechanisms of insulin resistance, the contribution of visceral white adipose tissue (vWAT), and the reversibility of such changes following long-term exposures to sleep-related perturbations of OSA using models mimicking such components remain poorly defined. [9] [10] [11] [12] [13] The most recent randomized trial assessing the effect of OSA treatment on incident cardiovascular events in patients with existing evidence of cardiovascular disease failed to show any evidence of benefit.
14 Similarly, multiple studies examining the impact of OSA treatment on metabolic function have yielded conflictive results, suggesting that other factors such as genetics, lifestyle and nutritional patterns, duration of disease, and concurrent obesity may all contribute to the divergent responses to OSA therapy. 15 It is therefore possible that if OSA has been present for a long time before diagnosis occurs and treatment is implemented, the response to such treatment may not necessarily abut in the desired reversal of the OSA-induced, end-organ morbidities, although OSA played a mechanistic role in the generation of such morbidities.
In this context, we and others have previously shown that intermittent hypoxia (IH) during sleep induces systemic and vWAT insulin resistance, despite a concomitant reduction in body weight. [16] [17] [18] [19] [20] [21] However, the duration of IH exposures in all of these studies was relatively short, and more importantly, the reversibility of the metabolic perturbations was not examined. In a recent study using IH as a model for OSA in mice, vascular changes in the aorta induced by 6 weeks of IH appeared to be completely reversed by a subsequent period of normoxia of equal duration. 22 Thus, the present study was conducted to evaluate whether long-term exposure to IH would continue to manifest evidence of insulin resistance and inflammation in vWAT and also to determine whether such abnormalities would recover after a prolonged period of normoxia.
MATERIALS AND METHODS

Animals and IH Exposures
Adult male C57BL/6J mice from Jackson Laboratories (8-week old, ~22 grams; Bar Harbor, ME) were housed in groups of 4-5 to prevent isolation stress in standard clear polycarbonate cages. Mice were allowed to acclimatize to their surroundings for at least a week and were fed ad libitum with normal chow diet (LabDiet, cat#5001*, St Louis, MO; diet content: http://www. labdiet.com/cs/groups/lolweb/@labdiet/documents/web_con-tent/mdrf/mdi4/~edisp/ducm04_028021.pdf) and water. Mice
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were maintained in a 12-hr light-dark cycle (light on 7:00 am to 7:00pm) at a constant temperature (24°C ± 1°C).
Mice were subjected to IH as described previously. [23] [24] [25] [26] Briefly, the mice were placed in environmental chambers (Oxycycler A44XO, BioSpherix, Redfield, NY) and exposed to alternating cycles of 90 s of hypoxia (6.3% FiO 2 ) followed by 90 s of normoxia (21% FiO 2 ) for 12 hr/day for 20 weeks (IH group). Application of this pattern promotes arterial blood oxyhemoglobin saturations ranging from 68% to 75%, which simulate the oxyhemoglobin desaturation patterns of moderate to severe OSA patients. 26 Another randomly assigned group of mice was exposed to IH for 20 weeks but was then allowed to recover in normoxic conditions for either 6 (IH-R6w) or 12 weeks (IH-R12w). Additionally, a control group (RA) was exposed to continuous circulating room air (21% FiO 2 ) for all durations (RA and RA-R6w or RA-R12w).
Enzyme-Linked Immunosorbent Assay and Adipocyte Insulin Sensitivity Assay
Mice were fasted for 3 hr (from 4:00 am to 7:00 am), but access to water was allowed. At the end of fasting, mice were euthanized. Venous blood was collected into EDTA-containing tubes, immediately centrifuged at 4°C, and frozen at −80°C till further assay. Blood glucose levels were immediately measured using a OneTouch Ultra2 glucometer (Life Scan, Inc, Milpitas, CA). Insulin assays were performed using an enzyme-linked immunosorbent assay kit (Millipore, St. Charles, MO) according to the manufacturer's protocol. The linear range of the insulin assay was 0.2-10 ng/ml, detection threshold of 0.2 ng/ml (35 pM), and intra-and interindividual coefficients of variation up to 8.4% and 18%, respectively, at low concentrations (i.e., 0.32 ng/ml). Homeostasis model assessment of insulin resistance (HOMA-IR) was calculated as: [fasting insulin × fasting plasma glucose/405].
Adipocyte insulin sensitivity was determined in adipocytes derived from epididymal fat in mice not undergoing GTT or ITT as described previously. 27, 28 Briefly, primary adipocytes were isolated using collagenase digestion and flotation centrifugation and were incubated with insulin at 0 or 5 nM at 37°C for 10 min with gentle vortexing every 2 min. After two washes with cold Krebs-Ringer buffer (KRB), cells were lysed in radio-Iimmunoprecipitation assay buffer supplemented with protease and phosphatase inhibitor mixture (Sigma, St Louis, MO) and vortexed briefly. The supernatants were collected after centrifugation at 15 000 g for 15 min at 4°C. Protein concentrations of the cell lysates were determined using BCA kit (Life Technologies). The lysates were separated on 4%-20% nitrocellulose membrane (Millipore, Billerica, MA). After transfer, membranes were incubated in blocking buffer (5% nonfat dry milk in TBST) for 1 hr at room temperature. The membranes were incubated with phospho-Akt (Ser473) antibody (Cell Signaling Technology, Danvers, MA) or with Akt Antibody (Cell Signaling Technology, Danvers, MA) overnight at 4°C. Membranes were then washed three times for 10 min each with 25mM Tris, pH 7.4, 3.0 mM KCl, 140 mM NaCl, and 0.05% Tween 20 (TBST), incubated with Anti-rabbit IgG: HRP-linked Antibody (Cell Signaling Technology, Danvers, MA) in blocking buffer with gentle agitation for 1 hr at room temperature. Immunereactive bands were visualized using an enhanced chemiluminescence detection system (Chemidoc XRS+; Bio-Rad, Hercules, CA) and quantified by Image Lab software (Bio-Rad).
Isolation and Analysis of SVF in Adipose Tissues
Epididymal fat pads and mesenteric adipose tissues were gently dissociated in KRB supplemented with 1% BSA after incubation with collagenase (1 mg/mL; Worthington Biochemical Corporation, Lakewood, NJ) at 37°C for 45 min with shaking. Suspended cells were filtered through a 100-μm mesh and centrifuged at 500 g for 5 min to separate the floating adipocytes from the SVF pellet. The SVF pellets were then resuspended in FACS buffer (phosphate-buffered saline plus 2% fetal bovine serum), and 10 6 cells were used for staining with fluorescence conjugate primary antibodies or control IgGs at 4°C for 30 min. Cells were then washed twice and analyzed with a flow cytometer (Canto II; BD Biosciences, San Jose, CA). Data analysis was performed using the FlowJo software (Tree Star, Ashland, OR). For flow cytometry analysis, cells were fixed with 1% paraformaldehyde solution for 30min at 25°C and washed twice. Non-specific binding was blocked with FcR blocker at 1:50 concentration and stained with specific antibodies for analysis. For surface staining, we used the following fluoro-conjugated antibodies: CD11b-PB, F4/80-PE/Cy7, CD36-FITC/Alexafluor488, CD11c-APC, Ly-6c-APC / APC-Cy7, CD64-PE, CD86-PerCP/Cy5 (BD Biosciences, San Jose, CA). Isotype controls were employed to establish background fluorescence. Data were acquired on a FACS CantoII cytometer using the FACS Diva 5.5 software (BD Biosciences, San Jose, CA) and analyzed by FlowJo software (Tree Star, San Carlos, CA). Adipose tissue macrophages (ATMs) were defined as F4/80+ and CD11b+ cells, from which M1, M1 metabolic phenotype (M1 met 29 ), and M2 macrophages were identified as CD11c + , CD11c + /CD36 + , or CD206+ cells, respectively. In all of the experiments, macrophages were identified as CD11b-F4/80 double-positive cells. In addition, proinflammatory activated monocytes were defined as Ly6c hi (+) cells. 30 In a portion of the experiments, SVF-derived macrophages were isolated using the EasySep™ Mouse CD11b Positive Selection Kit (StemCell Technologies, Vancouver, British Columbia, Canada), and 50 000/well were added to a Seahorse XFe24 Analyzer (Agilent, Santa Clara, CA) for assessment of metabolic function using a standardized protocol. In brief, 50 000 ATMs were used for each independent experiment, and oxygen consumption rate (OCR) was examined to assess key elements of mitochondrial function in these cells, including basal respiration, ATP-linked respiration, H+ (proton) leak, maximal respiration, spare respiratory capacity, and nonmitochondrial respiration. To this effect, we employed the Seahorse XF Cell Mito Stress Test Kit that uses modulators of cellular respiration that specifically target components of the electron transport chain (ETC) including oligomycin, FCCP, and a mix of rotenone and antimycin A that were serially injected to measure ATP-linked respiration, maximal respiration, and nonmitochondrial respiration, respectively. Proton leak and spare respiratory capacity were then calculated using basal respiration and these measurements using Seahorse XF Cell Mito Stress Test Report Generator.
For analysis of reactive oxygen species (ROS) levels in ATMs, live cells were selected using Zombie NIR Fixable dye staining, and then ROS levels of CD11b+ and F4/80+ cells were measured with a fluorescent DCF dye. All dyes and antibodies were incubated for 30 min in the dark at 37°C. Flow cytometry analyses were performed using a Canto II instrument (BD Biosciences), and results were analyzed using Flowjo flow cytometry analysis software (TreeStar Inc) as described previously. 31 In addition, RNA was isolated from another subset of vWAT macrophages using standard approaches. Selected messenger RNA (mRNAs) were assessed by quantitative real-time PCR (qRT-PCR) using 7500 PCR system (Applied Biosystems, Foster City, CA) according to a standard protocol. Primers for genes of interest (ABCA1, 32, 33 CD36, FABP4, and TNF-α) were designed using Primer 3 software (http://bioinfo.ut.ee/ primer3-0.4.0/), and each primer was synthesized by Integrated DNA Technologies (IDT, Coralville, IA). For total RNAs, complementary DNA (cDNA) was synthesized using 500 ng of total RNA using a High-Capacity cDNA Archive Kit (Applied Biosystems, Foster City, CA). Expression levels of glyceraldehyde-3-phosphate dehydrogenase were used for normalization and quantification of gene expression levels. The cycle and after either 6-week (IH-R6w; n = 6/group) or 12-week normoxic recovery (IH-R12w; n = 8/group). Significant decreases in BW, mvWAT, and evWAT emerged after IH (p < .001), and increased mvWAT and evWAT mass were apparent in IH-R6w or IH-R12w (p < .01 vs. RA-R6w or RA-R12w), in the absence of BW differences. number (C t ) values were averaged, and the difference between the TBP C t and the gene of interest C t were calculated to calculate the relative expression of the gene of interest using the 2 −ΔΔCt method. 34 The results are presented as fold-change of IH or IH-R relative to corresponding control group. 1°C) , and allowed access to food and water ad libitum. RFP mice express the red fluorescent protein (DsREDT3) under the control of a chicken β-actin promoter and cytomegalovirus enhancer. All of the tissues from this transgenic line, with the exception of erythrocytes and hair, are red under blue excitation light. Transgenic RFP male mice were sacrificed and used to isolate monocytes. Bone marrow cells (BMCs) were flushed from femur and tibia using a syringe equipped with a 23-gauge needle. Cells suspensions were filtered through a 70-µm mesh nylon strainer and centrifuged at 300 × g for 6 min. The cells were counted using automated cell counter (Cellometer, Nexcelom Bioscience, Lawrence, MA), and the concentration of BMC was prepared to be 1 × 10 8 cells/mL. The samples were incubated with EasySep Biotin Selection Cocktail at 100 µL/ mL of cells (e.g., for 2 mL of cells, add 200 µL of cocktail) in the refrigerator (2°C-8°C) for 15 min. Magnetic particles (50 µL/mL) were added and incubated in the refrigerator for 10 min to enable magnetically labeled unwanted cells to remain bound inside the original tube as held by the magnetic field of the EasySep Magnet. CD11(+) cells were then counted and injected intravenously to a subset of mice exposed to RA, IH, or IH-R, and RFP-positive cells were counted in vWAT tissues 7 days after injection by an investigator who was blinded to the identity of the animals.
Monocyte Migration to vWAT
Transgenic B6.Cg-Tg (ACTB-mRFP1)1F1Hadj/J mice (termed RFP mice) weighing 22-25 g were purchased from Jackson Laboratories (Bar Harbor, Maine), housed in a 12-hr light-dark cycle (light on 7:00 am to 7:00 pm) at a constant temperature (24 ±
Statistical Analysis
All values are expressed as mean ± standard deviation. Analyses of variance tests followed by post hoc tests including corrections for multiple comparisons using Bonferroni approaches and Student or Welch t tests contingent on equal or unequal variances, respectively, enabled statistical comparisons between the treatment groups. In all comparisons, a two-tailed p < .05 was considered to achieve statistical significance.
RESULTS
Body Weight and Fat Mass
Intermittent hypoxia induced reductions in body weight (31.9 ± 0.6 in RA vs. 27.4 ± 0.5 g in IH; n = 28-30/group, p < .001; Figure 1A ) and vWAT mass depots (Figure 1B and 1C ; p < .001; n = 14-15/group). IH-R for 12 weeks resulted in catch-up weight to within values that were similar to corresponding controls (34.2 ± 0.8 in IH-R12w vs. 34.1 ± 0.8 g in RA-R12w, p > .05; n = 12/group; Figure 1A) . However, the mass of both epididymal and mesenteric fat depots were increased in H-R6w or IH-R12w mice when compared to corresponding controls ( Figure 1 ).
vWAT Inflammation and Insulin Sensitivity
As in previous studies employing much shorter IH exposures, [16] [17] [18] [19] [20] [21] 35 exposure to IH for 20 weeks resulted in increased numbers of ATMs as well as in increased number of M1 proinflammatory macrophages (LyC6 hi (+), and M1 met macrophages (CD36(+); Figure 2A ). However, normoxic recovery for either 6 weeks or 12 weeks did not significantly alter the number of macrophages and was associated with significant albeit small reductions in the proportion of M1 (IH vs. IH-R: p < .05) and M1 met macrophages (i.e., CD36(+); Figure 2B ; IH vs. IH-R: p = .06). Exposure to IH caused ATMs to express higher levels of ABCA, CD36, and FABP4 mRNA which did not revert to normoxic levels after normoxic recovery ( Figure 2B ). Furthermore, exposure to IH increased TNF-α mRNA expression only in CD36(+) ATMs but not in CD36(−) ATMs. Interestingly, IH-R did not reduce the TNF-α mRNA expression in CD36(+) ATMs ( Figure 2C ).
To further examine the migration of circulating monocytes to vWAT, we injected CD11(+) cells harvested from naive RFP transgenic mice to RA, IH, and IH-R mice at the end of their exposures and examined the counts of RFP(+) cells in vWAT (using an investigator who was blinded to the experimental group). As shown in Figure 3 , IH was associated with marked increases in the number of RFP(+) cells and although decreases in the number of RFP(+) cells migrating to vWAT occurred in IH-R12w (IH vs. IH-R12w: p < .05; n = 6/experimental group), the reductions were modest (Figure 3) .
In parallel to these findings, insulin sensitivity of vWAT adipocytes was markedly reduced in IH, and was only partially recovered in IH-R12w (Figure 4A ), indicating the presence of residual insulin resistance even after 12 weeks of normoxic exposures after long-term IH (p < .005 IH-R12w vs. RA-R; p < .03 IH-R12w vs. IH; n = 12/group). Such findings were further corroborated by HOMA-IR levels, which showed significant increases in systemic insulin resistance in IH-exposed mice, and residual insulin resistance in either IH-R6w or even in IH-R12w mice ( Figure 4B ; p < .005-IH vs. RA; p < .01-IHR6w vs. RA-R6w; p < .01-IH-R12w vs. RA-R12w; p < .03-IH-R6w or IH-R12w vs, IH; n = 8-12/group).
vWAT Macrophage Metabolic Characteristics and ROS Production
Basal respiration was decreased in IH-exposed ATMs but was within normoxic values in IH-R ATM ( Figure 5A ). ATP production and maximal respiration were highest in RA>IH-R>IH Figure 5B ). Significant improvements, but not normalization of these differences in electron transport sub-unit gene expression, were apparent in IH-R-derived vWAT ATM ( Figure 5C ; p < .05 vs. IH; p < .05 vs. RA-R; n = 6-7/ group). Since such differences in cellular respiration and electron transport subunit expression would be anticipated to lead to increased reactive oxygen species (ROS) generation, the latter was assessed in vWAT ATMs and confirmed the presence of increased ROS production in IH, with significant reductions in IH-R but still remaining significantly greater than RA conditions ( Figure 5C ; p < .01; n = 6-8/group).
DISCUSSION
In this study, we show that prolonged exposure to IH is associated with sustained metabolic dysfunction of vWAT as indicated by insulin resistance as well as with prolonged inflammation as evidenced by increased proinflammatory macrophage populations, particularly M1 and M1 met in adipose tissue. Furthermore, our study shows that normoxic recovery periods up to 60% of the total duration of IH exposures are associated with improvements in such measures but not with complete resolution of the vWAT abnormalities that emerge in the context of IH. These findings raise important issues as to what constitutes reasonable expectations from treatment of OSA, assuming optimal adherence and to the time frame and magnitude of reversibility of OSA-associated morbidities.
Before we address some of the potential implications of the current findings, some methodological issues deserve specific comment. First, it is important to emphasize that IH is not the exact equivalent of OSA but reflects only one restricted aspect of this common disorder. Indeed, in addition to IH (with highly variable presentation as opposed to the standardized and predictable cycling of oxyhemoglobin saturation used herein), episodic hypercapnia, sleep fragmentation, and increased intrathoracic efforts are all potential contributors to the multiple morbidities associated with OSA. [36] [37] [38] [39] Second, although OSA is usually associated with concurrent obesity in a large proportion of the patients, the present study showing significantly increased ROS production in IH-exposed ATM when compared to either RA conditions (p < .001; n = 6/group) or to IH-R (p < .01; n = 5). All conditions included equal number of ATM/assay. examined the effects of IH in otherwise normal, nonobese mice. It will be therefore important to assess the interactions between IH and obesity in this context and whether the concurrent presence of these two elements will also alter the recovery process during long-term exposure to IH. [40] [41] [42] [43] Third, we only assessed one end organ, namely, vWAT, and found that although the impact of IH persists even after prolonged exposures, there is only partial reversal of such dysfunction after treatment. It is possible that the trajectory of recovery may be different in other end organs. This merits further exploration. 22 Finally, the present study did not explore sex differences in the susceptibility to IH or the recovery process. Considering the recent reports of gender differences in the end-organ susceptibility to OSA, 44, 45 improved understanding of sex-OSA morbidity interactions and the mechanisms governing such interactions is critical.
The current findings of IH-induced vWAT insulin resistance and concurrent alterations of tissue macrophages to a proinflammatory and metabolically adverse phenotype were anticipated based on our findings after 6 weeks of exposure to IH, 9,13,27 and those of other investigators using similar approaches, [41] [42] [43] which elicit oscillations in oxygen tension in vWAT. 46 Of note, sustained hypoxia for long periods of time elicits a very different phenotype in adipose tissues that is void of inflammation or reduced insulin sensitivity. 47 Irrespective of the differences between intermittent and sustained chronic hypoxia, the observations on the presence of only partial recovery of such processes after a relatively lengthy period of normal gas exchange were surprising and may indicate the presence of vWAT remodeling or alternatively the induction of long-lasting epigenetic modifications in either adipocytes or macrophages. [53] [54] [55] [56] [57] Indeed, we have recently shown that patients with OSA exhibit changes in DNA methylation in their circulating monocytes indicative of both proinflammatory and metabolic pathway involvement. 58 Although these findings will have to be corroborated and expanded using alternative approaches that are clearly beyond the scope of the present study, it is possible that interactions between IH and vWAT (adipocytes and ATMs) will elicit extracellular matrix remodeling in the vWAT along with epigenetic changes in critical genes such as peroxisome proliferation-activated receptor γ that subserve important regulatory functions in both tissue glucose homeostasis and inflammation. In addition, considering the fact that a vast majority of patients suffering from OSA are also obese and likely to consume highfat diets, the impact of normoxic recovery when mice are treated with long-term IH but also high-fat diet would be of paramount interest and deserves future exploration.
In this study, we identified alterations in macrophage respiration that suggest deregulation of mitochondrial energy transfer across the ETC, as illustrated by changes in ETC subunit expression, as well as actual oxygen consumption. Recent work in the context of metabolic dysfunction reinforces the conceptual framework that polarization and phenotype transition of macrophages in the context of IH to adopt a M1 proinflammatory phenotype are also accompanied by substantial changes in metabolic function. 59, 60 These changes in ETC and oxygen consumption patterns appear to underlie the increases in ROS production that emerged in IH. 61, 62 As such, the increased expression of FABP4, a hypoxia-sensitive gene, which underlies important regulatory function in inflammation and insulin resistance further reinforced the notion of the unique synergistic interactions between IH-induced alterations in adipocytes and macrophages to promote insulin resistance. [63] [64] [65] Of note, FABP4 plasma levels are increased in both children and adults with OSA, are reduced with OSA treatment, and correlate with insulin resistance. 66, 67 In summary, long-term IH elicits sustained inflammatory changes, increased ROS production, macrophage respiration abnormalities, and insulin resistance in vWAT despite body weight and fat mass reductions, and such changes are only partially reversible after a relatively extended normoxic recovery period. Although further exploration of the mechanisms mediating the incomplete restoration of insulin sensitivity and macrophage function following prolonged periods of IH is clearly needed, the current observations may have clinical implications as far improved prediction of metabolic improvements during continuous positive airway pressure treatment of patients with OSA.
